AB STRA CT Microtubule involvement in secretory events of the parathyroid gland was investigated in rats treated with colchicine and/or phosphorus, agents which have been shown to modify parathyroid secretion. Quantitative ultrastructural techniques were used in an effort to assess the cytoplasmic microtubule and secretory granule content of chief cells 3 h after treatment, when hypocalcemia was well established. After colchicine administration, the chief cells appeared to have lost all assembled microtubules and accumulated greater than normal amounts of cytoplasmic secretory granules. On the other hand, phosphorus treatment was associated with increased microtubule content although the cytoplasmic content of secretory granules remained unchanged. When colchicine and phosphorus were given concomitantly, microtubules were again absent, but the secretory granule content of the cells was markedly increased.
These data provide direct evidence that colchicine disrupts assembled microtubules in chief cells of rat parathyroids; the consequence of this effect appears to be a blockage of hormone release which is reflected in the accumulation of secretory granules in the cell. The fact that microtubules also show a significant increase in content when hormone release from chief cells is presumed to Received for publication 25 September 1974 and in revised form 21 February 1975. several organs (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , including that of the parathyroid gland. Colchicine inhibits the conversion of proparathyroid hormone to parathyroid hormone in incubated slices of bovine parathyroid gland (5), and vinblastine sulfate inhibits the release of parathyroid hormone from incubated parathyroid glands (4, 14) . Although the precise mechanism by which these antimitotic agents affect secretion has not been clarified, it has been postulated that the effect is secondary to the ability of colchicine and vinblastine to prevent normal assembly of microtubules by binding to microtubule subunit protein (18) (19) (20) . Although there is good evidence that colchicine and vinblastine bind to isolated microtubule protein, and good evidence to suggest that colchicine and vinblastine interfere with the translocation of secretory products in intact cells, there is little direct evidence to show that the assembled microtubules, which appear to be randomly distributed in the cytoplasm of all secretory cells, participate in this process.
To provide such evidence, the present study was carried out in which the cytoplasmic microtubule and secretory granule content of parathyroid gland chief cells was quantitated in rats in which parathyroid hormone secretion was modified by the administration of colchicine (5) or phosphorus (21) .
METHODS
Experimental protocol. Female Sprague-Dawley rats weighing approximately 200 g were injected with either intravenous saline, intraperitoneal 0.15 M sodium phosphate (150 mg phosphorus/kg body wt), intravenous colchicine (0.25-5.0 mg/kg body wt), or a combination of sodium phosphate (150 mg phosphorus/kg body wt) and colchicine (2.5 mg/kg body wt). Blood was drawn for plasma calcium determination (22) (23) , in which a grid with a 2-mm lattice was used to estimate microtubule volume and a grid with a 2-cm lattice was used to estimate cytoplasmic volume. The volume density of microtubules is given by the formula (P) microtubules/[ (P) cytoplasm X 1001 in which (P) represents the number of lattice points enclosed by a given structure.
The stereological method as it applies to estimations of microtubule volume density is highly reproducible; i.e., the coefficient of variation when individual prints are reestimated five times is less than 5%. However, certain technical problems which relate to the small diameter of microtubules, makes it difficult to obtain precise values for absolute microtubule volume density. On the one hand, microtubule volume density may be somewhat underestimated since not all segments of microtubules can be recognized on the photographic prints. On the other hand, microtubule volume density may also be somewhat overestimated since the longitudinal lengths of microtubules are assumed to occupy the full thickness of the sectioned portion of the cell in which they are found, and this is clearly not the case since the diameter of individual microtubules is always less than the diameter of. the sections. The extent to which these errors distort the actual values for microtubule vol- ume density is not known. However, since the errors in the method will apply equally to tissues from both control and experimental groups of animals, it should be possible to discern relative differences in cytoplasmic microtubule volume density between the different groups of animals studied.
The volume density of secretion granules was obtained from the Golgi areas of five randomly selected chief cells of one osmium-fixed parathyroid gland from each rat within a treatment category. Secretion granules are defined as membrane-bound inclusion granules ranging in size from 0.15 to 0.5 ,um, which have a uniformly dense interior and which closely resemble secretory granules from other tissues. The volume density of these granules was obtained by the point-counting stereological method mentioned above, although in this instance a 1-cm lattice was used to estimate both granule and cytoplasmic volume. The volume density of granules was given by the formula (P) granules/ (P) cytoplasm.
RESULTS
The effect of colchicine and phosphorus treatment on plasma calcium levels. Table I indicates that both colchicine and phosphorus produced statistically significant falls in calcium levels. In each instance, lower calcium levels were observed at 180 min than at 90 min. The effect of colchicine was dose related; no changes occurred in calcium levels after the administration of 0.25 mg/kg colchicine, but a significant depression of plasma calcium was seen after treatment with either 1.0, 2.5, or 5.0 mg/kg of colchicine. In addition, when phosphorus and 2.5 mg/kg colchicine were administered bodies such as granules. Mitochondria, polysomes, and elements of the endoplasmic reticulum appear randomly distributed throughout the cells. However, granules (arrows), and other inclusion bodies when present, tend to accumulate in the Golgi (Go) region. X 16,800. 1A: A typical chief cell from a saline-treated rat showing only a single, small granule (arrow).
Insert to 1A: an enlarged view of an inclusion body assumed to be a secretory granule.
Structures such as these were identified at a magnification of X 44,000 as shown, and subse- simultaneously to rats, the resulting hypocalcemia was more profound than that observed after the administration of either phosphorus or colchicine alone.
Ultrastructural observations. To demonstrate both microtubule and secretory granules to best advantage, it was necessary to separately process the parathyroid glands using glutaraldehyde as the primary fixative for microtubules and osmium tetroxide as the primary fixative for granules. Fig. 1 shows a typical low magnification view of portions of several chief cells preserved with osmium tetroxide. Fig. 1A , taken from a saline-treated rat, indicates that mitochondria, polysomes, and elements of the endoplasmic reticulum appear randomly distributed throughout the cells. These cells have a few inclusion bodies; the majority of these appear to be lysosomes but an occasional homogenous granule can be seen (arrow). On higher magnification (see inset to 1A) such granules with homogenously dense interiors limited by unit membranes resemble secretory granules of other cell types and are identified as such, for comparative purposes in this report. After colchicine treatment (Fig.  1B) , or colchicine and phosphate treatment (not shown), there appears to be an increase in secretory granules (arrows) in the Golgi region (Go) of the chief cells. To verify these impressions, photographs were taken of the Golgi region of randomly selected cells at higher magnification and the secretory granule content of chief cells of parathyroid glands of rats treated with colchicine and/or phosphorus was estimated by stereological techniques. Fig. 2 shows representative Golgi areas (Go) of chief cells from glutaraldehyde-fixed glands. Inspection of such cells from saline ( Fig. 2A) or phosphorustreated rats (figure not shown) indicates the presence of numerous segments of microtubules (arrows). The microtubules appear to be randomly oriented; that is, no particular spatial association of microtubules with secretory granules, Golgi complexes, nuclear or plasma membranes is seen. After colchicine treatment (Fig. 2B) or administration of colchicine and phosphorus (not shown) the microtubule content of chief cells appears to be dramatically reduced. To document and compare these effects, photographs were taken of randomly selected chief cell Golgi areas. The enlarged photographic prints of these cells were subsequently subjected to microtubule quantitation by stereological procedures.
Effect of colchicine and/or phosphorus on the microtubule content of chief cells. Changes in microtubule content (as assessed by stereological measurements) 3 h after treatment of rats with colchicine and phosphorus are seen in Table II. I P < 0.01 as compared to saline-treated controls.
Microtubules and Secretory Granules in Parathyroid Glands
The most striking finding was the absence of microtubules from cells of rats receiving 2.5 mg of colchicine/kg body wt (see Fig. 2 ). Microtubule content was also significantly decreased (P < 0.01) after the intermediate dose of colchicine (1.0 mg/kg), but was not significantly decreased from normal in cells of rats receiving 0.25 mg of colchicine/kg body wt. In contrast, phosphorus administration resulted in a significant increase (P < 0.01) in the microtubule content of chief cell cytoplasm, the mean value of cytoplasmic microtubule content being greater in each phosphorus-treated animals than in any control animal. When colchicine (2.5 mg/kg) and phosphorus are given simultaneously however, the increase in microtubule content observed after phosphorus treatment is completely inhibited.
Effect of colchicine and phosphorus on secretory granule content of chief cells. The impression that few secretory granules are present in cells from salinetreated rats is verified by stereological measurements and Table III indicates that the cytoplasmic volume density of such granules is very low; that is, only 0.36% of the cytoplasm of normal cells is occupied by granules. On the other hand, 3 h after treatment with colchicine there is a rise in the granule content of chief cells (see Fig. 1 ). The extent of the rise, however, depends on the dose of colchicine given (Table III) . At a colchicine dose of 1 mg/kg, the mean granule content of chief cells, although double that of cells from control animals, is nevertheless not significantly different from normal. At 2.5 mg colchicine/kg body wt, the mean granule content of chief cells is almost triple that of control cells and becomes statistically different from controls; however, a further increase in the dose of colchicine (to 5.0 mg/kg) shows no further rise in granule content.
Although treatment with phosphorus alone does not alter the cytoplasmic volume density of these granules, concomitant treatment with phosphorus and colchicine (2.5 mg/kg) results in a significantly greater (58%) increase in granules than was seen after colchicine (2.5 mg/kg) alone (Table III) .
DISCUSSION
The results of this study provide direct, morphological evidence that colchicine administration leads to a decrease in the microtubule content of chief cells of the rat parathyroid gland. As such, these data suggest that antimitotic agents which interfere with parathyroid hormone secretion (4, 5, 14) do so by preventing microtubule assembly. Further evidence that microtubules are involved in the secretion of parathyroid hormone can be derived from the effect of colchicine on the relationship between volume density of secretory granules and of microtubules. Thus, 3 h after the administration of colchicine (2.5 mg/kg body wt), at a time when no microtubules are seen in parathyroid gland chief cells, the volume density of secretory granules had increased approximately threefold. The simplest explanation for the observed accumulation of secretory granules would seemi to be that colchicine interferes with microtubule assembly, and thereby prevents hormone release. This effect of colchicine on microtubule assembly is clearly dose related, and the administration of increasing amounts of colchicine lead to progressively greater reductions in microtubule content. The observation that one can increase the colchicine dose beyond the concentration necessary to remove all microtubules (5.0 mg/kg) and not further increase the granule content of the chief cells, lends support to the idea that the increase in granule content is related to the loss of microtubules and is not a consequence of a direct effect of colchicine on granule production.
It should be noted that increasing amounts of colchicine also leads to progressive reductions in plasma calcium levels, reaching a maximum reduction, in our studies, after the administration of 2.5 mg colchicine/kg body wt. However, the fall in plasma calcium may not be entirely related to inhibition of parathyroid hormone secretion, as evidence has been published which suggests that colchicine also directly inhibits bone resorption (6, 24) .
Evidence that changes in microtubule volume density may also be involved in the physiological control of parathyroid hormone secretion can be seen in the results of the studies of phosphorus-induced hypocalcemia.
Previous results have indicated that phosphorus administration results in increased parathyroid hormone secretion when hypocalcemia ensues (21) . The current results indicated that this phenomenon is also associated with an increase of the cytoplasmic microtubule content of chief cells of parathyroid glands. These results raise the interesting possibility that microtubule integrity may not only be necessary for secretion to take place, as suggested by the colchicine results, but that an increase in assembled microtubules (that is, microtubule content) may accompany or be required for increased parathyroid hormone secretion. Obviously, further quantitative studies will be necessary to test the general nature of this provocative finding.
In view of the phosphorus-induced hypocalcemia, and presumptive increase in hormone production and secretion, it was surprising not to find an increase in secretory granules within the chief cells of phosphorus-treated rats. One explanation of this finding is that both production and release of secretory granules is accelerated under these conditions. Were this the case, one might see an increased accumulation of secretory product within the cells if colchicine, which presumably blocks secretion, was given simultaneously with phosphorus. When this was done, a greater degree of hypocalcemia developed, indicating the additive effects of phosphorus and colchicine on serum calcium levels.
Microtubules were absent from the parathyroid gland chief cells of animals receiving phosphorus plus colchicine, demonstrating that colchicine can even prevent microtubtule assembly under conditions which would otherwise lead to an increase in iiiicrotubule content. However, the secretory granule content of the chief cells was significantly greater than that seen after colchicine or phosphorus treatment alone. This marked accumulation of secretory granules appears to reflect an increased rate of parathyroid hormone secretion due to the persistent hypocalcemia, which can only be documented when the release of the secretory granules is prevented by colchicine.
In conclusion, these results indicate that quantitative and reproducible estimates can be made of the cyptoplasmic content of microtubules and secretory granules in chief cells of rat parathyroid glands. Using this ultrastructural approach, we have obtained evidence which suggests that changes in the microtubule content of chief cells of parathyroid glands appear to parallel changes in parathyroid hormone secretion. Although these results are compatible with the thesis that microtubules participate in the control of parathyroid hormone secretion, confirmation of the causal relationship of these events awaits further experimentation. It is anticipated that this stereological approach will provide useful information in future studies of parathyroid hormone secretion.
